We have performed mechanical and electrical characterization of individual as-grown, vertically oriented carbon nanofibers (CNFs) using in situ techniques, where such high-aspect-ratio, nanoscale structures are of interest for three-dimensional (3D) electronics, in particular 3D nano-electro-mechanical-systems (NEMS). Nanoindentation and uniaxial compression tests conducted in an in situ nanomechanical instrument, SEMentor, suggest that the CNFs undergo severe bending prior to fracture, which always occurs close to the bottom rather than at the substrate-tube interface, suggesting that the CNFs are well adhered to the substrate. This is also consistent with bending tests on individual tubes which indicated that bending angles as large as ∼70
Introduction
The complementary-metal-oxide-semiconductor (CMOS) industry faces major obstacles to further miniaturization beyond the 22 nm integrated-circuit (IC) lithography node. Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) are being 3 Author to whom any correspondence should be addressed. considered as viable candidates for overcoming the issues that arise from the downscaling of IC dimensions, since they show promise as interconnects [1] , heat transporting assemblies [2] , or optically active materials [3] . Another area of intense research is the application of CNTs in nano-electro-mechanicalsystems (NEMS) that are now gaining increasing attention, as indicated by the International Technology Roadmap for Semiconductors (ITRS) [4] .
The physical isolation of (a) (b) Figure 1 . (a) The bridge or cantilever configuration is characteristic of 2D planar applications of laterally oriented tubes that have been explored heavily in the past for NEMS [7] [8] [9] [10] [11] . (b) Vertically oriented tubes for NEMS offer the potential for increased integration density. A schematic showing a single, vertically oriented CNF. An electrostatic force F elec arises when a voltage V is applied on a nanoprobe in close proximity to the tube, causing the CNF to bend. The mechanical robustness of the CNFs, as well as their electrical properties, were measured since both are important for determining their suitability for NEMS applications. Not to scale.
conducting paths in NEMS reduces leakage currents and power dissipation, which are parameters difficult to constrain with increasingly miniaturized Si transistors with their short channel lengths or ultra-thin gate oxides. In addition, Si reverts to intrinsic behavior at low-and high-temperatures due to Fermi level shifting, which makes solid-state transistors in general more susceptible to thermal extremes. The underlying mechanical operation of NEMS structures is also suggestive of their inherent tolerance toward harsh thermal, as well as high radiation environments, which potentially enhances their ruggedness over solid-state transistors. Carbon nanotubes also offer advantages of exceptional elasticity for extending the mechanical cycling longevity of NEMS compared to inorganic nanowires, for example [5] . The success of CNT based NEMS has already been validated in a variety of applications ranging from nanotweezers [6] , memory devices [7] , nanorelays [8, 9] and resonators [10] , but such applications have either relied on multi-walled carbon nanotubes (MWCNTs) or on single-walled carbon nanotubes (SWCNTs) that were oriented parallel to the substrate. In this work, we report on the properties of a NEMS architecture where the tubes are oriented perpendicular to the substrate, in order to enable increased integration density for threedimensional (3D) electronics. The lateral orientation of the tubes for two-dimensional (2D) planar applications reported heavily in the past [7] [8] [9] [10] [11] , have typically been in either the bridge or cantilever configurations as illustrated in figure 1(a) . In comparison, a schematic of a vertically oriented tube is depicted in figure 1(b) , before and during electrostatic actuation, which forms the basis of the vertical NEMS architecture under consideration here; integration densities are likely to increase by at least 1 or 2 orders of magnitude compared to the typical lateral NEMS geometries.
By applying a voltage V on a nanoprobe in close proximity to a single tube, as shown in figure 1(b) , an electrostatic force F elec is generated which deflects the tube to the right. Jang et al have recently demonstrated electrostatic switching between vertically oriented CNFs arranged in a three-terminal configuration [11, 12] . In addition, Hayamizu et al have implemented lithographically fabricated 2D CNT assemblies and integrated such structures in a 3D framework [13] . Recently, in situ techniques were also used to characterize the electrical performance of Ge nanowires [14] and MWCNTs [15] that were physically welded or connected to the ends of metallic probe tips for NEMS applications. In this paper, we focus on as-grown, vertically oriented CNFs monolithically integrated on Si substrates, and examine their mechanical and electrical characteristics using in situ techniques which have not been explored previously in order to determine the suitability of such bottom-up structures for 3D NEMS applications. Nanomechanical measurements were conducted to decipher the mechanical robustness of the CNFs through nanoindentation and uniaxial compression tests made with a custom-built in situ nanomechanical testing instrument, SEMentor [16] . Two-terminal measurements were used to electrically probe individual, as-grown CNFs, formed on refractory metallic nitride buffer layers on Si, as well as those grown directly on degenerately doped Si substrates. Electrostatic switching measurements were also conducted to determine the magnitude of the switching or pull-in voltage V pi and the results were compared to theory.
In addition, top-down approaches for NEMS fabrication allow for the ability to lithographically control beam geometry in order to tailor device performance; for example, ultraminiature, metal coated SiC NEM resonator beams have been used to detect individual protein molecules and Au nanoparticles [17] . While release mechanisms are generally not required for high-aspect-ratio, bottom-up synthesized nanostructures such as MWCNTs, SWCNTs, nanowires or CNFs, the control over physical characteristics is somewhat more difficult to achieve. Here, we also address the ability to tune CNF physical characteristics in the context of NEMS applications, by adjusting the plasma-enhanced (PE) chemical vapor deposition (CVD) growth parameters.
Experiment
Our CNFs were synthesized in a load-lock based dc PECVD growth chamber, a schematic of which is provided elsewhere [18] . The CNF growth was done on Si substrates, with and without a buffer layer of NbTiN [19] , where high purity acetylene (C 2 H 2 ) and ammonia (NH 3 ) were flowed into the chamber at 700
• C. The ratio of C 2 H 2 :NH 3 = 1:4 was used since this ratio minimizes the amount of amorphous carbon on • was determined for this CNF, which did not differ appreciably from α f . This suggests the CNFs sheared from the basal planes in (b) and that the CNF-to-substrate adhesion is strong.
the substrate during growth [20] . When the desired growth pressure was attained (3-15 Torr), a dc glow discharge was ignited, and growth was continued for a fixed duration.
The mechanical characteristics of the CNFs were measured in a custom-built in situ mechanical deformation instrument, the SEMentor, comprised of the scanning electron microscope (SEM) and the Nanoindenter. This instrument has generally been used to explore uniaxial deformation and defect evolution in individual, metallic pillars [16] . In situ electrical measurements were then conducted on individual, as-grown CNFs using a nanomanipulator probe stage (Kammrath and Weiss) mounted inside an SEM (FEI Quanta 200F) that was equipped with an electrical feed-through. Tungsten probes were used to make the two-terminal electrical measurements of individual, vertically oriented, as-grown CNFs with an HP4155C parameter analyzer.
Results and discussion

In situ nanomechanical characterization
As the CNF bends from the application of an electrostatic force (figure 1(b)), it induces mechanical strains along its height. Unlike in bulk, these nanoscale features are susceptible to generating stress concentrators at several locations, for example, at the CNF-to-substrate interface, as well as within the body.
The CNFs need to withstand such stresses since it directly impacts their cycling longevity for NEMS applications. In situ nanoindentation tests were performed on arrays of CNFs inside the SEMentor [16] , which provided some insight into the nature of the mechanical adhesion between the CNF and the substrate, as the tubes were loaded to failure. A Berkovich tip, which is a pyramidal, shallowangled tip, was used to indent a forest of CNFs, as shown in figure 2(a). The SEM image taken after indentation (figure 2(b)) revealed that the CNFs fractured at the base, with the fracture angle α f of ∼25
• -35
• (relative to the central axis of the CNF).
The significance of α f was correlated to the structural characteristics of the CNFs that were obtained via transmission electron microscopy (TEM) analysis. Microstructural analysis was performed in the FEI Tecnai-F20 Scanning-(S) TEM, with a field emission source of 200 kV. Analysis of the mechanically transferred CNFs grown directly on Si revealed a structure where the graphite basal planes were inclined to the central axis (figure 2(c)) at a cone angle denoted by α ( figure 2(d) ). The probe was mechanically manipulated so that it deflected the CNF to the right. The CNF accommodated a large bending angle without fracture or delamination, with φ ∼ 70
• over tens of cycles. (c) The CNF returned elastically to its initial position after the probe was removed. Such measurements suggest that the CNFs are mechanically resilient, and should enable enhanced cycling longevity for NEMS applications.
This so-called herring-bone structure is commonly observed with PECVD synthesized CNFs [21] , and for our particular CNFs α was determined to be ∼30
• ( figure 2(d) ), but it can increase as the hydrogen content during growth is increased. It is interesting to note that α f and α do not differ from each other appreciably, suggesting that the CNFs sheared within the basal planes which are held by the relatively weak van der Waals forces, and the CNF-to-substrate adhesion is relatively strong.
We also conducted in situ uniaxial compression tests on single CNFs to evaluate their axial Young's modulus, E. Prior reports on uniaxial compression tests performed by Waters et al were conducted on arrays of MWCNTs [22] , and Qi et al used a nanoindenter, in conjunction with statistical approaches, to characterize forests of vertically aligned CNFs [23] . More recently, Hayamizu et al have determined the mechanical properties of lithographically fabricated beams composed of self-assembled SWCNT arrays that were excited photothermally into resonance [24] .
The SEM image in figure 3 (a) shows a CNF just prior to compressive loading, where the load was applied with a flat punch indenter tip rather than with a Berkovich tip. From the force-deflection plot shown in figure 3(b) , the maximum applied axial force F z that the tube was able to sustain before buckling was determined to be ∼6.4 μN. The initial length of the tube L o shown in figure 3(a) was ∼1.75 μm, and due to its tapered profile, the top and bottom tube diameters were measured to be ∼40 nm and ∼90 nm, respectively. From this, the modulus E was calculated using E =
, where u z is the height of the tube prior to buckling, and r b and r t are the tube diameters at the bottom and top, respectively. With these parameters, E was calculated to be ∼816 GPa, which appears to be comparable to the value obtained by Qi et al for measurements conducted on arrays of vertically aligned CNFs, where an axial E as low as 900 GPa was deciphered [23] . This difference is likely a result of the assumption of structural homogeneity within the tube.
The SEM image in figure 3 (c) depicts the same tube after the test and shows that it has buckled plastically, as expected for a column whose length exceeds the shell buckling criteria (50-100 nm long CNFs) [25] . The uniaxial compression tests performed here suggest an Euler-type column buckling, which has also been observed by Fukuda et al for measurements performed on MWCNTs with their predominantly hollow structure [26] . Our measurements demonstrate the remarkable ability of the CNF to recover post-deformation, which should be beneficial to enhancing their robustness for NEMS applications. In addition, the relatively large magnitude of E in comparison with Si (E ∼ 165 GPa), a commonly used material for micro-electro-mechanical-systems (MEMS), renders CNFs to be lucrative candidates for high-speed NEMS.
Bending tests were also conducted on individual CNFs using a nanoprobe inside an SEM, as shown in figure 4 (a). The nanoprobe was mechanically manipulated so that it physically deflected the CNF to the right. The CNF sustained bending angles φ as large as φ ∼ 70
• ( figure 4(b) ), and it then returned elastically to its initial position ( figure 4(c) ). The CNFs were able to tolerate such severe strains over tens of cycles without detachment from the substrate or fracture within the tube body. These tests show the CNFs are well adhered to the substrate, much like the results of the nanoindentation tests in figure 3 indicated, and demonstrate the exceptional elasticity and resilience of PECVD synthesized CNFs for NEMS applications.
In situ electrical characterization
In situ electrical measurements were performed for CNFs grown directly on degenerately doped Si 100 substrates (resistivity ρ ∼ 1-5 m cm), as well as refractory NbTiN buffer layers [19] . The NbTiN was ∼200 nm thick and was deposited using dc magnetron reactive sputtering in a nitrogen ambient on Si substrates. Figure 5 (a) shows a low magnification SEM image of two probes housed on the nanomanipulator stage within the SEM, that were used for the electron transport measurement on individual CNFs. The SEM image in the inset of figure 5(b) shows a nanoprobe that was mechanically manipulated so that it physically contacted an individual CNF grown directly on NbTiN. The other electrode contacted the substrate which served as the ground. From the I -V characteristic in figure 5(b) , we see the CNF was electrically conductive, although measurable currents could not be detected until ∼6 V, after which point current increased sharply up to ∼9.5 V. The sub-gap region at low voltages may arise from a native oxide on the tungsten probe tips, which would suppress conductance at low bias voltages. Measurements conducted by Andzane et al have revealed that an oxide layer was responsible for suppressed conductance at low bias voltages for their Ge nanowires [14] .
Although it is difficult to ascertain the inherent conductivity of our CNFs from this two-terminal measurement, prior four-point measurements performed on individual CNFs that were placed horizontally on oxidized substrates revealed an inherent CNF resistivity of ∼4.2 × 10 −3 cm [27] . It is not surprising that the CNF resistivity lies well-above that of graphite parallel to the basal plane (4 × 10 −5 cm), since electron transport is likely to occur via inter-plane hopping due to the herring-bone structure in CNFs, as our TEM from figure 2 confirmed.
We now examine the electron transport through tubes grown directly on Si, and compare the results to those synthesized directly on NbTiN buffer layers (figure 6). Curve (1) in figure 6 indicated high conductivity as expected, since both probes were shorted to the substrate. When a CNF grown on NbTiN was probed (curve (2)), a response similar to that shown in figure 5(b) was detected. However, when a CNF grown directly on Si was contacted, no measurable currents could be detected, as indicated by curve (3).
Energy-dispersive-x-ray (EDX) analysis performed by Melechko et al, has indicated the presence of a sheath of SiNx on the CNF sidewalls for tubes synthesized on Si [28] . The presence of such a dielectric coating on the sidewalls of the CNFs grown on Si would explain the data we obtained in curve 3 of figure 6 . The directional nature of ion bombardment during dc PECVD causes Si from the substrate to be resputtered, which possibly coats the sidewalls of the growing CNFs. Due to the nitrogen-rich gaseous environment during growth (∼80% NH 3 ), the Si on the CNF sidewalls reacts with N, potentially resulting in the formation of SiNx. However, any SiNx that forms on the substrate is likely to be removed due to the constant flux of energetic ions bombarding the substrate directly, which explains the result in curve 1. Since sidewall conduction is of little interest for the field emission applications of such CNFs [29] where electron transport occurs internally within the CNF body in situ, nanomanipulation measurements performed here uniquely suggest that CNFs synthesized directly on Si are unsuitable for low-voltage dc NEMS applications. (1) corresponds to the case where both probes were shorted to the substrate and indicates high conductivity; curve (2) shows the CNF grown on NbTiN was electrically conductive; curve (3) corresponds to the case where no electrical conduction was detected for a CNF grown directly on Si, and suggests such CNFs are unsuitable for dc NEMS applications.
In addition, electrostatic actuation measurements (described in more detail below) on the tubes grown on Si were unsuccessful even up to 100 V, and suggests that a dielectric barrier such as SiNx may also have existed at the Si-to-CNF interface. While SiC may also be present at this interface, a Schottky junction would arise in such an event that would allow transport in the forward-bias regime. In the case of tubes on NbTiN, the measurable electrical conductivity (curve 2) suggests any resputtered NbTiN does not create a thick electrically insulating sheath on the tube sidewalls to prevent conduction, although more nitrogen-rich phases could form. More work is necessary to elucidate the nature of the junction present at the NbTiN-to-CNF interface. There is insufficient quantitative information available to provide a theoretical framework for the exact dependence of the current as a function of the voltage shown in figures 5 and 6. For example, the nature of the junction present between the CNFto-probe, the CNF-to-NbTiN interface, the resistivity of the CNFs, as well as the magnitude of the contact area between the CNF and the probe, are just some of the parameters which are required to quantitatively predict the current dependence with voltage.
The following describe the actuation measurements that were conducted for CNFs grown on the NbTiN buffer layers. The SEM image in figure 7 (a) shows a tube with l ∼ 2-3 μm and d ∼ 60 nm that was within a few hundred nm of a nanoprobe on the right, just prior to electrostatic actuation. As a voltage was applied between the probe and the substrate, it caused the tube to bend and electrostatically switch toward the probe, depicted by the SEM image in figure 7(b) . The corresponding switching I -V in figure 7(c) indicates a V pi ∼ 32 V on cycle 1, and also shows the abruptness of the turnon transition. The pull-in voltages of NEMS switches can be calculated using continuum beam mechanics. When the contribution from van der Waals forces is ignored, the pullin voltage V PI to first order, is calculated using,
where g is the air gap, ε o is the effective permittivity, w is the beam width and L is the length. The spring constant k for a cantilever beam is given by k = 8E I l 3 . Here we assumed w = 60 nm, E ∼ 816 GPa, L = 2.8 μm, g = 220 nm which yielded a V pi ∼ 46 V. This is higher than the experimental value of ∼32-35 V which may arise from the fact that the modulus may be lower than 816 GPa on this particular tube. In addition, given the near vertical switching current profile of the turn-on transition in figure 7(c) , the switching times are believed to be extremely low. This suggests that the CNF NEMS devices potentially exhibit ultra-high switching speeds. The SEM image in figure 7(b) shows the tube was stuck to the probe even at V = 0 V, but with a contact length <50 nm, it detached prior to the onset of the second switching cycle. Cycle 2 had V pi ∼ 35 V, but the turn-off was almost identical to cycle 1, since it was dominated by the contact resistance. While the continuity measurements in figures 5 and 6 revealed a non-Ohmic contact to the CNFs, we were still able to demonstrate electrostatic actuation in the CNFs as depicted by the results in figure 7 .
By increasing the probe-to-tube coupling area and reducing the initial gap, we have observed lower V pi (∼14 V). This also demonstrates the flexibility of the nanomanipulator to enable the exploration of a wide range of probe-to-tube geometries with ease, without resorting to long design or fabrication cycles. When the tube-to-probe coupling area was increased, our measurements also showed that after actuation, the tubes were well adhered to the nanoprobe in many instances, indicating stiction forces from van der Waals interactions are significant at these length scales. At nanoscale length scales, the van der Waals energy becomes significant since the Lennard-Jones potential energy V (r ) scales as 1/r 6 for the long-range interaction; here r is the effective spacing between the surfaces. The stiction can be avoided by appropriately designing the NEMS geometry (e.g. by increasing the gap or reducing the CNF-to-electrode contact area, etc). If stiction is not desired, another electrode can be placed close to the CNF on the opposite side, which can be used to pull off the CNF. The stiction can be validated by the hysteresis in the I -V of figure 7(c), for example. While Jang et al also reported stiction for vertically oriented CNFs, no hysteresis data was presented that electrically signaled the presence of stiction [11] , as has been reported here. Our measurements suggest such bottom-up synthesized structures are promising for 3D NEMS, in particular for nonvolatile memory applications. Presently, we are in the process of extending our DC NEMS work to explore the utility of CNFs for AC applications particularly for resonators, which will be reported elsewhere.
Engineering physical characteristics of CNFs via growth
We implemented dc PECVD to form individual tubes which were vertically oriented over length scales of a few microns. This is in contrast to thermal CVD which generally results in randomly oriented tubes over such length scales. In addition, unlike top-down approaches where beam dimensions, such as the length and width of NEMS structures can be lithographically controlled to meet device performance, for a bottom-up technique such as dc PECVD, we propose to tailor performance of CNFs for NEMS applications by engineering the CNF growth parameters. For example, Ni catalyst thickness, growth pressure and plasma power were adjusted during growth and their impact on tube diameter and length (or growth rate) was examined; for other parameters kept constant, the tube diameter and length both dictate the magnitude of V pi necessary to induce electrostatic switching.
The thickness of the Ni catalyst layer was adjusted from 6 to 15 nm and was found to strongly affect the tube diameter d and length l, as shown by the plot in figure 8(a) . From figure 8(a) , we see that an ultra-thin Ni catalyst film (∼6 nm) nucleated CNFs that were thinner and longer, while a thicker catalyst film (∼15 nm) nucleated CNFs that were shorter and wider. Ultra-thin catalyst films result in nanoparticles with small diameters at the elevated growth temperatures, that inturn yield tubes with small d for potentially enabling low V pi NEM switches and components. The dependence of V pi on the physical parameters of CNTs has been analyzed using continuum approaches by Dequesnes et al [30] .
We also explored the effect of gas pressure on growth rate. As gas pressure was increased, the CNF growth rate increased up to ∼10 Torr and saturated after this point, as shown in figure 8(b) . At the nominal growth conditions of 22 sccm of C 2 H 2 and 90 sccm of NH 3 , 10 Torr, 700
• C, the CNF growth rate was ∼530 nm min −1 . Since tube diameters were not affected noticeably by growth pressure, our data indicates that l increased approximately linearly up to 10 Torr, which would potentially reduce V pi since V pi ∼ 1 l 2 (all other parameters constant) [30] .
As plasma power was changed, no dramatic differences were seen in CNF growth rate between 140 and 240 W. Below ∼140 W however, the growth rate decreased substantially, which suggests that the thermodynamic driving forces arising from the elevated growth temperatures are working in conjunction with the plasma chemistry within the glow discharge to determine the overall growth kinetics. Below ∼140 W, the density of an important hydrocarbon radical or ionized specie required for CNF synthesis is likely to be low in our growth chamber, which is not surprising since the degree of gas dissociation in the plasma is determined by the power. Even though growth rate did not change significantly above ∼140 W, at high power the tubes appeared more tapered or conical, which possibly arises from the greater exposure the growing tip has to the energetic plasma, and increases the possibility of resputtering at the tip, more so than at the base. In general, tuning physical characteristics of the CNFs by adjusting bottom-up dc PECVD growth parameters can be a useful approach to synthesize CNFs with characteristics that are more desirable for their application in NEMS.
Conclusion
In conclusion, through in situ characterization techniques, we have shown that PECVD synthesized CNFs are mechanically robust and resilient, which makes them an attractive choice for 3D NEMS applications. Electrical measurements on individual CNFs revealed that the choice of substrate in dc PECVD plays an important role in determining the suitability of such CNFs for low-voltage dc NEMS applications. More work is necessary to reduce the contact resistance of the CNFs which would improve performance of the NEMS switches for future applications. We also addressed the ability to tune the physical characteristics of the CNFs by adjusting dc PECVD growth conditions with this bottom-up CNF synthesis approach. Such vertically oriented CNFs also have potential applications as resonators for mass sensing and communications, which we are also in the process of exploring presently.
